Abstract-This paper assesses the suitability of the moving coil actuator for use as an ultra-fast, long stroke linear drive for HVDC breaker applications. With the help of FEA, a sensitivity analysis of the actuator is conducted in order to better understand how the different design parameters affect the actuator performance. Based on this assessment a high performance actuator design has been implemented using FEA software. Simulation results show the suitability of the moving coil design as an ultra-fast linear driver. Efficiency of the proposed moving-coil design has been calculated and shows a remarkable advantage over other high speed actuator designs.
I. INTRODUCTION
In order to better integrate renewable power generation into traditional power systems the implementation of multi-terminal HVDC networks has been proposed [1] [2] [3] . Due to their high flexibility Voltage Source Converter (VSC) based multiterminal HVDC systems are seen as the most suitable alternative. However the high power electronics present in VSC HVDC stations possess poor overcurrent capability [4] , therefore during a DC link fault, rapid isolation of the converter station is required. Very fast acting protection is essential to ensure safe operation of the VSC based DC grid [5, 6] .
At present only solid-state based interruption has the capability to break a fault current in less than 1ms [5, 7] . However the relatively high conduction losses of solid-state circuit breakers reduce their practicality [6, 8] . On the other hand low loss mechanical breakers rely on a mechanically operated switch to provide voltage isolation and are therefore limited by the mechanical speed of the system. In order to improve the performance of mechanical HVDC breakers a combination of solid-state and mechanically operated switches (hybrid breaker) has been proposed to achieve DC current interruption [5, 6] . However to make the hybrid concept compatible with DC systems, ultra-fast actuators are required to operate the mechanical switch.
For ultra-fast actuation the preferred actuator technology is based on the Thomson Coil (TC) [6, 9, 10] . In this actuator a flat coil with a low number of turns interacts with a conductive plate or armature. A current impulse injected in the coil results in a time varying magnetic field that produces eddy currents in the armature. Due to the direction of the armature induced currents, a repulsive magnetic force occurs between armature and coil. As consequence of the operating principle the TC is a unidirectional device, and in order to achieve bidirectional displacement an additional coil on the other side of the armature is required. Using this operating principle opening speeds in excess of 20m/s have been reported [9] [10] [11] [12] [13] . The main drawback of this actuation mechanism is the low efficiency, typically in the 5-14% range, thus a high energy source needs to be readily available to ensure proper operation of the breaker, raising concerns about the practicality and maintainability of the device in isolated installations. The low efficiency of the TC is attributed to the decreasing magnetic link between coil and armature as the gap increases [11, 13] . In order to minimize the energy requirements of TC based interrupters, mass and stroke length minimization have been attempted [9, 10] . Thus a large number of lightweight, shortstroke, series connected switches, using actuators based on the TC principle have been proposed for medium voltage breakers [9, 10] . However for very high voltages and fault currents typical of HVDC systems this practice is not suitable: moving mass and stroke length are governed by the carrying current and voltage levels, respectively. High voltage isolation requires a relatively long stroke. Meanwhile a large contact cross section area is required for high current conduction with low losses, thus interrupter moving mass increases as current increases. Consequently, an excessively high number of series and parallel mechanical switches would be necessary, giving rise to voltage sharing and synchronous operation problems [5] . The development of a more efficient actuator that allows higher mass displacement at relatively long strokes is required. In this regard repulsion driven designs with a higher efficiency than the TC, have been proposed [11, 13, 14] . However these devices also operate with variable air-gap length, thus limiting their efficiency over long strokes. A high efficiency solution operating with constant air-gap may be a more convenient alternative.
From existing electromagnetic based actuator technology, the moving iron, moving magnet and moving coil actuator concepts are capable of operation at constant air-gap. High controllability and bidirectional operation are other desirable attributes of these actuator technologies [15] [16] [17] [18] . However, the extreme acceleration at which an actuator must operate in an ultra-fast application limits the usability of the moving iron and moving magnet concepts: their high moving mass has a negative effect on the actuators response time. In addition, the brittle nature of the permanent magnets (PMs) present in the moving magnet actuator gives rise to durability concerns. In contrast, the moving coil (MC) actuator possesses a relative low mass, allowing for a relatively fast response [18] . However, the suitability of the MC design for ultra-fast speed long stroke HVDC breaker applications has not been assessed. In this paper the performance of the moving coil actuator as an ultra-fast long stroke linear driver is assessed using FEA. Its performance is compared with results for a TC design for similar electric energy input. Its competitiveness in terms of acceleration, displacement and speed for a time window of 2 ms, characteristic of HVDC breaker applications [6] , is assessed while its superior efficiency over the TC design is verified.
II. MOVING COIL ACTUATOR

A. Operating principle
A MC actuator is comprised of a coil mounted on a moving structure which acts as the plunger, sliding on a central core of ferromagnetic material. Permanent magnets fixed over external walls provide constant magnetic flux over a short air-gap. Additional ferromagnetic material is used to channel the magnetic flux radially through the coil. Fig. 1 shows an axial cut through a typical MC design.
The MC actuator uses the Lorentz force principle: a current carrying conductor located in a transverse magnetic field experiences a force F of magnitude
F = BIL
( 1 ) Where B is the magnetic field flux density, I is the conductor current and L is the length of the conductor. The direction of the resulting force acting over the coil is given by the right hand rule. Thus for a conductor carrying a current perpendicular to the PM magnetic field a vertical force will exist. It should be noted that the actuator moving component can be displaced in both directions, up or down, just by reversing the direction of the injected current. This is an important advantage compared to magnetic repulsion based actuators. Due to its construction the flux distribution of the MC design exhibits a bias toward downward displacement, therefore this direction will be assumed in all the subsequent analysis. 
B. MC FEA modelling
According to (1), the force exerted over the coil in a MC design is a linear combination between the B, I and L variables. In practice B is limited by the existing PM materials, while L can be freely chosen. On the other hand I depends on the excitation voltage, conductor material and coil length, thus I is highly dependent on coil parameters as well as voltage excitation. Furthermore, B will be affected by the magnetic properties of the material used in the construction of the magnetic circuit surrounding the coil, which in practical ferromagnetic materials has a nonlinear magnetic characteristic. Thus a tightly coupled set of nonlinear equations need to be solved in order to evaluate accurately the MC performance under transient operation. FE simulation has been shown to predict the behavior of ultra-fast actuators with high accuracy [11, 13] . Therefore, in order to assess the MC actuator performance a FE model was implemented using COMSOL Multi-physics 5.2 software. For simplicity a 2D axially symmetric model was considered in the simulations. In addition inter-turn space due to wire insulation was neglected. The model implementation considers the solution of electrical circuits, magnetic fields, solid mechanics and moving mesh physics interfaces in a fully coupled solution algorithm. A set of ODEs, that represent the mechanical response of the system, is considered in the solution. The mechanical system equations are given by (2)-(4)
( 4 ) where m is moving mass, a is acceleration, v is velocity and x is the displacement of the moving element. During simulations the MC actuator is assumed to be excited by a capacitor, of capacitance C, charged at an initial voltage V(0). Electrical to mechanical energy conversion efficiency is calculated as the kinetic energy output to electrical energy input ratio. The efficiency percentage can be calculated at any instant as
(5) In this analysis the moving mass is comprised of the moving coil (m c ) and mechanical load (m l ) masses, thus the total moving mass can be expressed as m = m c + m l ( 6 ) Consequently, the total force acting over the coil is given by the vectorial sum of the Lorentz force (F l ) and the gravitational force exerted over the coil (F c ) and load (F m ) masses.
F = F l + F c + F m
( 7 ) Low carbon steel 1117 is assumed as the ferromagnetic material while ideal PMs with 1.2 T remanence (comparable to that present in Neodymium PMs) are considered in the simulations.
C. Sensitivity analysis
In order to better understand how the different MC design parameters affect the actuator performance a sensitivity analysis was first conducted. The initial actuator parameter values are listed in Table I for completeness. In this analysis one design parameter was varied at a time in each simulation while keeping the rest of the parameters fixed at their initial values. Figs. 2-7 show simulation results for displacement for several design parameters over a time window of 2 ms, typical in HVDC mechanical breaker operation [6] . From the sensitivity analysis a few rules can be established:
• Increasing the number of coil turns results in an increase in efficiency; however there is an inverse relationship with displacement. Displacement is more critical than efficiency in ultra-high speed applications and should be favored in the actuator design.
• An increase in main core diameter or wall thickness is reflected as an increase in efficiency until a critical value is reached; only small increments in efficiency occur after this value.
• Increasing the input energy by increasing initial capacitor voltage or capacitance results in an increase in displacement. However, an optimal V-C combination exists, where efficiency is maximized for a fixed energy input.
• An increase in conductor cross section area may result in an increase in coil displacement depending on cross section geometry. An increase in conductor width was found to reduce actuator efficiency while an increase in height was beneficial to the actuator performance.
• Total mechanical load impacts negatively on actuator displacement. Moving mass must be minimized.
This set of rules can be used to refine the MC design.
III. PERFORMANCE ASSESSMENT
Based on the set of rules listed in section II, refinement of the initial MC design was conducted following an iterative approach. It should be noted that due to its operating principle, the actuator coil should ideally remain between the PM face upper and lower boundaries during operation, thus generating maximum force. Consequently the stroke length of the MC is strongly linked with the physical dimension of the PM and walls. Thus the PM and wall dimensions of the MC actuator must be chosen in accordance with the stroke length requirements. This approach contrasts with that of repulsion driven based actuators, such as the TC, where no inherent ideal working region exists. Thus in order to define the stroke length of the MC a reference TC design is used. The maximum displacement obtained with the TC for an investigated 2 ms time window for a fixed electrical energy input and mechanical load was used to define the MC dimensions. A 1kg mechanical load is also assumed in the simulations unless otherwise stated. Table II lists the design parameters of the reference TC design, and the parameters of the high performance MC design are listed in Table III .
From the values listed in Table III it is clear that a substantial increase in ferromagnetic material is required in order to improve the actuator performance when compared with the original design in Table I . This increase is necessary in order to allow a better distribution of the magnetic flux; otherwise magnetic saturation limits substantially the actuator performance. Another parameter that differs considerably from the original design is the conductor cross section, where in contrast with conventional designs a rectangular cross section with a relatively low width to height ratio was considered. It was found in this analysis that if the longer side of the conductor cross section is kept perpendicular to the PM flux, the actuator performance is substantially improved compared with a conventional circular conductor cross section geometry. In fact, the conductor cross section geometry was found to be essential to achieve the performance values reported in this research work. The relevance of the cross section area geometry for the actuator performance will be discussed in more detail below.
As reported in [13] the way in which the input electrical energy is shared between capacitor voltage and capacitance plays an important role in actuator efficiency. Thus a series of voltage and capacitance values for a fixed input energy of 2640J were used to identify the most convenient combination for the MC actuator. In this exercise, the voltage-capacitance combinations were deliberately chosen to be identical to those reported in [13] in order to allow a straight forward comparison with published results. Fig. 8 shows simulation results for the MC armature displacement and efficiency obtained using the different V-C combinations. Table IV summarizes results obtained from the FE simulations for the same V-C combination (727V-10mF) and load (1 kg) for the two ultrafast actuators designs assessed. From the simulation results it can be observed that the MC mechanical parameters are competitive with that achieved by the TC design. This demonstrates the viability of the MC actuator as an ultra-fast linear driver. It should be noted however that the efficiency achieved by the MC design is considerably higher than that of the TC. In addition a much lower peak current is required by the MC to achieve a comparable displacement for a similar 1kg mechanical load. This is an important advantage of the MC, since lower rated ancillary components can be used in its operation, thus impacting favorably in the O&M cost of the device. 
IV. MC PERFORMANCE IMPROVEMENTS
The MC actuator performance can be further enhanced if the force acting over the coil can be increased without increasing significantly the coil mass. Air-gap field is mostly defined by the PM material and the potential to increase it is consequently very limited. Therefore, the potential of inductance and armature reaction reduction techniques to further improve the MC performance are assessed in this section.
A. MC actuator with conductive layer
The use of a layer of highly conductive material around the central core to further improve the response of the MC actuator is investigated in this section. The conductive layer maintains the radial flux in a fixed position due to eddy currents induced within it. Fig. 9 shows a cross section of the proposed actuator geometry. During this analysis the central core radius is kept constant: any increase in the conductive layer depth is reflected in a decrease of the magnetic core material by the same amount. Thus all the actuator design parameters remain identical to those listed in Table III . In order to allow a comparison with the results in section III, the most favorable V-C combination (listed in Table IV ) is used during the assessment. Figure 10 and Fig. 11 show the MC displacement and efficiency, respectively, obtained from a 2ms simulation period when different depths of copper layer on the MC central core are considered. As can be seen from Fig. 10 , for the considered V-C combination, a 3mm conductive layer maximizes actuator displacement to 45 mm. It is also observed in the results that the actuator efficiency suffers a considerable drop using this approach when compared with the conventional design in section III. It should be noted however that compared with the base design, higher peak current and force values of 8.1 kA and 69 kN, respectively, occur. This increase in peak values is the result of a reduction of the coil impedance as perceived from its terminals. On the other hand, the drop in efficiency may be explained by the losses associated with the very high circulating current (136 kA peak current for the 3mm thick layer) induced in the conductive layer due to the relatively high turn ratio, 20:1. As expected, this technique helps to improve the response time of the actuator, however given the tradeoff observed between displacement (average speed) and efficiency, careful design is required to maximize actuator performance.
B. MC actuator with differential winding
Another alternative to improve the performance of the MC actuator is to use a differential winding arrangement. In this configuration a second winding with current flowing in the reverse direction, and paired with PMs with inverted polarity, is mechanically and electrically series connected with the normal winding in a vertical stack, Fig. 12 ; the mmfs from each coil of the differential winding are in opposition. In this design Cnt refers to the number of turns per coil, therefore the total actuator turns is two times Cnt. In addition the PM face height is sized accordingly. Fig. 13 shows the simulation results for displacement and efficiency for the MC with differential windings and for different turn numbers.
As can be seen from the simulation results in Fig. 13 , the actuator with the differential winding surpasses the performance indicators of the conventional design for an identical number of total turns. For 20 total turns the actuator with the differential winding reaches 50mm displacement at the end of the investigated 2ms event window. This contrasts with 42 mm for the conventional design. In addition the actuator efficiency peaks at 36%, compared with 30% of the normal design. This increase in overall performance is however at the expense of an increase in PMs, magnetic material and further design complexity. In contrast, the flux distribution in Fig. 12 suggests that the base element can be removed without considerably affecting actuator performance. This observation was corroborated by numerical simulation results that showed identical performance without the base component. Removal of the base offsets some of the additional magnetic material required due to the taller core and external wall required by this arrangement. In any case a cost benefit analysis is required in order to assess the pertinence of this arrangement. Nevertheless from a performance point of view, the advantages of this design are evident. Moreover, if the two techniques assessed to improve MC performance are combined a further increase in displacement is possible. For example, with the 10 turns per coil differential actuator and a 3mm copper layer, 53mm displacement (not shown) was reached for the 2ms event window. This displacement surpasses the displacement obtained with the TC actuator in section III. Even more, by further escalating the differential design, higher efficiencies without loss of mechanical performance are possible. For instance, for a double differential winding arrangement displacements varying between 51 and 55 mm were achieved for 5-8 turns per coil, with efficiencies in the range of 33-49% (Fig 14) , further highlighting the benefits of the differential design. 
V. CONCLUSIONS
In this paper the suitability of the MC actuator as an ultrafast linear driver for HVDC breaker applications was assessed using FEA software. The MC design performance was compared with that of the TC actuator. Two techniques to improve the performance of the MC were also considered. Compared with the conventional MC design, the use of a conductive core layer produced slightly faster response and higher force while the use of a differential winding arrangement provided higher efficiency without loss of mechanical performance. The use of these techniques resulted in mechanical performance and efficiency that exceed those of the TC design, turning the MC actuator into a suitable candidate for use in HVDC breaker applications. However, the extra complexity of the MC design and costly materials required for its construction may impair its adoption. Nevertheless, given the MC actuator potential to operate at a much higher efficiency than the TC design, the MC actuator may be a more convenient solution for use in installations where electric energy is scarce or difficult to provide, thus enabling simpler operation and maintenance of the actuator and associated infrastructure.
